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We address the validity of the momentum sum rule for deep inelastic nuclear structure functions.
One of the most surprising results of the NuTeV mea-
surement [1] of nuclear structure functions in deep in-
elastic charged-current reactions νA → µX is the ab-
sence of anti-shadowing in the domain 0.1 < xBj < 0.2.
As shown by Refs. [2–4], the parton distribution of nu-
clei measured in deep inelastic neutrino reactions shows
no enhancement above additivity in this domain, and is
thus distinctly different from the corresponding Parton
Distribution Function (PDF) measured in charged lep-
ton deep inelastic scattering (Figure 1). This striking
difference between neutrino vs. deep inelastic scattering
measurements is in direct conflict with the conventional
expectation that the quark and gluon distributions of
the nucleus are universal properties of the nuclear eigen-
state and are thus process independent. Moreover, the
NuTeV measurement contradicts the expectation that
anti-shadowing, σAAσN > 1, will compensate for the shad-
owing of the nuclear PDF, σAAσN < 1, which is observed
in the domain 0.1 < xBj < 0.2 in order to restore the
momentum sum rule [10, 11].
The NuTeV results thus call into question theoreti-
cal expectations concerning the fundamental nature of
leading-twist deep inelastic scattering reactions on nu-
clei.
The shadowing vs. anti-shadowing of nuclear cross sec-
tions can be understood as a Glauber phenomenon in-
volving the constructive vs. destructive interference of
two-step and one-step amplitudes illustrated in Figure 2
[12]. The key points underlying this mechanism are:
• The first step of the two-step amplitude involves
leading-twist Diffractive Deep Inelastic Scattering
(DDIS) on a front-face nucleon N1 which leaves the
nucleon intact. In fact, DDIS in γ∗N → NX reac-
tions has been observed to satisfy Bjorken scaling,
and approximately 10% of high energy DIS events
are diffractive [13, 14].
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FIG. 1. Comparison of the ratio of iron to deuteron nu-
clear structure functions measured in deep inelastic neutrino-
nucleus scattering (NuTeV [1], CDHSW [5]), and muon-
nucleus scattering (BCDMS [6] and NMC [7, 8]). All data are
displayed in the online Durham HepData Project Database
[9]. Anti-shadowing is absent in the neutrino charged current
data.
• The second step of the two-step amplitude involves
the inelastic scattering of the state X on a second
nucleon N2. The interference of the two-step am-
plitude with the standard DIS event on nucleon N2
can produce shadowing or anti-shadowing of the
nuclear PDF depending on the phase of the DDIS
amplitude.
• In the Regge theory of strong interactions diffrac-
tion occurs through the exchange of either a
Pomeron or a Reggeon trajectory. In Quan-
tum Chromodynamics (QCD), the Pomeron and
the Reggeon correspond to two gluon and to
quark-antiquark color-singlet exchanges, respec-
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FIG. 2. Sum of interfering one-step and two-step amplitudes
in DIS on a nucleus A: γ∗A → X. The initial scattering
in the two step mplitud n the front-fac nucleo N1 i
diffractive DIS: γ∗N1 → [qq¯]N ′1 which leaves N1 intact. The
propagating vector [qq¯] system then interacts inelastically on
N2: [qq¯] + N2 → X. The two step amplitude interferes with
the one-step amplitude γ∗ + N2 → X on N2. The interior
nucleon N2 sees two fluxes, the virtual photon γ
∗ and the
secondary beam [qq¯] generated by DDIS on N1. In effect,
nucleon N1 “shadows” N2.
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Wilson Line: ψ(y)
Z y
0
dx eiA(x)·dx ψ(0)
P
Reproduces lab-frame color dipole approach 
DDIS: Input for leading twist nuclear shadowing
FIG. 3. QCD mechanism for leading-twist diffractive DIS
γ∗p → p′X. The second gluon exchanged between the [qq¯]
and the spectator quark of the proton occurs after the quark
has been struck by the lepton as in a Wilson loop. The two
gluons in the t-channel correspond to color-singlet Pomeron
exchange. Since the intermediate state can propagate on-
shell it gives a Glauber cut and phase i. A similar final state
interaction also leads to the Sivers effect, the i~Sp · ~q × ~pq
pseudo-time-odd correlation.
tively. The diffractive process is leading twist and
it, therefore, displays Bjorken scaling. The leading-
twist QCD mechanism that underlies DDIS is illus-
trated in Fig.3.
• The occurrence of either shadowing or antishad-
owing is governed by the difference in the phase
structure of Reggeon and Pomeron exchanges. The
Reggeon Exchange Contribution to Charge-Exchange DDIS
p n
X+γ*
FIG. 4. QCD mechanism for charge-exchange leading-twist
diffractive DIS γ∗p→ nX+.
phase of the I = 0, 1 Reggeon contributions to
DDIS is 1√
2
(−i + 1) with αR = 1/2. Its imagi-
nary part is opposite to the positive imaginary con-
tribution of Pomeron exchange. When one mul-
tiplies by the phase i from the propagating in-
termediate state, the relative phase of the two-
step amplitude is thus destructive if DDIS is due
to pomeron exchange (shadowing) or constructive
(anti-shadowing) if the DDIS amplitude is due
to Reggeon exchange. The resulting effect from
the constructive interference appears in the 0.1 <
xBj < 0.2 domain of the nuclear PDF. The ex-
change of the same Reggeon also leads to the Kuti-
Weisskopf prediction: F p2 (x,Q
2)−Fn2 (x,Q2) ∝
√
x
(this result is consistent with recent evaluations in
Refs.[15, 16]).
• Thus unlike shadowing, anti-shadowing from
Reggeon exchange is flavor specific; i.e., each
quark and anti-quark will have distinctly differ-
ent constructive interference patterns. The flavor
dependence of anti-shadowing explains why anti-
shadowing is different for electron (neutral electro-
magnetic current) vs. neutrino (charged weak cur-
rent) DIS reactions (Fig.1).
• An important test of the explanation of anti-
shadowing is to verify the existence of Bjorken-
scaling leading-twist charge exchange DDIS reac-
tion γ∗p → nX+ with a rapidity gap due to I = 1
Reggeon exchange. Here X+ is the sum of final
states with charge Q = 1. This process is shown in
Figure 4.
As a consequence of the Glauber processes with in-
terfering amplitudes, the interior nucleons are shadowed
at low xBj , while DIS at low xBj occurs primarily on
the front nucleons. This contradicts the OPE where the
product of currents acts uniformly on all quarks of the
nucleus. The interaction with a particular nucleon deep
3inside the nucleus depends on the survival of the projec-
tile photon or its fluctuations reaching that nucleon. In-
tuitively, one would expect that nucleon counting, which
is a parton model way to understand the parton model
sum rules, would fail. Technically, the derivation of sum
rules which depends on both the operator product short
distance and on the locality of two currents in deeply vir-
tual Compton scattering electron scattering at high Q2,
fails in a nucleus as we explain in detail in what follows.
The contribution to the forward virtual Compton scat-
tering amplitude for a coherent [17] scattering process on
a nucleus, γ∗(Q2)A → γ∗(Q2)A, from the interference
between the two-step and one-step amplitudes is shown
in Fig. 5. Sum rules for deep inelastic scattering are an-
alyzed using OPE for the forward virtual Compton scat-
tering amplitude where the moments of structure func-
tions and other distributions can be evaluated as overlaps
of the target hadron’s light-front wavefunction [18–21].
The real phase of the resulting DIS amplitude and its
OPE matrix elements reflects the real phase of the stable
target hadron’s wavefunction.
The usual “handbag” diagram where the two Jµ(x)
and Jν(0) currents acting on an uninterrupted quark
propagator are replaced by a local operator Tµν(0) as
Q2 →∞, is inapplicable in deeply virtual Compton scat-
tering from a nucleus since the currents act on different
nucleons.
Unlike the handbag diagram, the phase of the deeply
virtual amplitude arising from the Glauber interference
amplitudes is always complex. Thus the derivation of the
momentum sum rule fails for the nuclear PDF: shadowing
and anti-shadowing do not need to compensate each other
to restore the momentum sum rule.
Let us consider in more detail the interference of the
single and the double step interactions shown in Fig.2.
Here N1 is the front-face nucleon and N2 an interior
nucleon. In the one-step process only N2 interacts via
Pomeron exchange, while N1 does not. In the two step,
the scattering on N1 is via Pomeron exchange, and both
amplitudes have different phases, diminishing the q¯ flux
that reaches N2. The interior nucleon is shadowed. The
interior nucleon, N2, thus sees two fluxes - the incident
virtual photon γ∗ and the V 0 produced from DDIS on
N1. The relative phase of the one-step and two-step am-
plitudes is the critical factor of i from the Glauber cut
times the phase of Pomeron exchange in DDIS. The de-
structive interference is why N2 does not see the full flux
– it is shadowed by N1. Thus shadowing of the nuclear
PDF is due to additional physical, causal events within
the nucleus.
Several additional points should be emphasized. First,
the qq¯ vector system V 0 propagates on-shell. This means
that not all the propagators in the graph can be consid-
ered as being hard (of order Q2): this invalidates the
OPE, and, as a consequence, the momentum sum rule.
Moreover, the finite path length due to the on-shell prop-
agation of V 0 between N1 and N2 contributes to the
distance (∆z)2 between the two virtual photons in the
A A-2
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FIG. 5. Contribution to doubly virtual Compton scattering
on a nucleus γ∗A → γ∗A from the interference of the two-
step and one-step amplitudes illustrated in Fig. 2. The cut of
the forward amplitude contributes to the inclusive DIS cross
section γ∗A→ X. This diagram cannot be reduced to a hand-
bag amplitude where two currents interact on an interrupted
quark propagator.
DVCS amplitude. One no longer has (∆z)2 ≈ 1/Q2.
The distance between the currents cannot be less than
the inter-nucleon distance, invalidating also the OPE and
the parton momentum sum rule. Finally, the interfer-
ence diagram is real even if defined in the forward limit,
since in the high Q2 limit of the OPE only a local op-
erator contributes, and the phases coming from Regge
exchanges cancel each other. This certainly is another
reason to invalidate the OPE for nuclei, since it would
mean the absence of shadowing.
Thus, the Glauber propagation of the vector system,
V 0, produced by the DDIS interaction on the nuclear
front face and its subsequent inelastic interaction with
the nucleons in the nuclear interior V 0 +Nb → X, occurs
after the lepton interacts with the struck quark. The cor-
responding amplitude for deeply virtual Compton scat-
tering is not given by the handbag diagram alone since
interactions between the two currents are essential.
Finally, we reiterate that because of the rescatter-
ing dynamics, the DDIS amplitude acquires a complex
phase from Pomeron and Regge exchange; thus final-
state rescattering corrections lead to nontrivial “dynam-
ical” contributions to the measured PDFs, i.e., they
are a consequence of the scattering process itself [22–
24]. The I = 1 Reggeon contribution to DDIS on the
front-face nucleon then leads to flavor-dependent anti-
shadowing [23, 25]. This could explain why the NuTeV
charged current measurement µA→ νX scattering does
not appear to show anti-shadowing, in contrast to deep
4inelastic electron-nucleus scattering as discussed in Ref.
[2] and illustrated in Fig.1.
Note that final-state interactions can give non-trivial
contributions to other classes of deep inelastic scattering
processes at leading twist and thus survive at high Q2
and high W 2 = (q+ p)2. For example, the pseudo-T -odd
Sivers effect [26] is directly sensitive to the rescattering
of the struck quark. 1 Similarly, DDIS involves the ex-
change of gluons after the quark has been struck by the
lepton [29]. In each case the corresponding scattering am-
plitude is not given by the handbag diagram since inter-
actions between the two currents, Jµ(x) and Jν(y), with
vanishing invariant separation (x− y)2 ∼ 1Q2 , are essen-
tial. The FSI associated with the Sivers effect (“lensing”
corrections [26, 30]) survive when both W 2 and Q2 are
large since the vector gluon couplings grow with energy.
However, in this case part of the final state phase can
be associated with a Wilson line as an augmented Light
Front Wave Function (LFWF) [31] which does not affect
the xBj moments, or the sum rules.
Finally, analyzing shadowing in the dipole formalism,
which uses the target rest frame, two scales are impor-
tant. One is the coherence length (inverse of the mo-
mentum transfer), which has to be much larger than the
nucleon separation. The other is the q¯q transverse sepa-
ration, which has to be larger enough so that the photon
interacts with a sizable cross section. This is related to
the color transparency of small transfers size fluctuations.
These extra scales, which can be rather large compared
to typical QCD scales, put strong doubts into the appli-
cation of the OPE in nuclear shadowing processes, and
therefore on the validity of the nuclear momentum sum
rule.
In conclusion, we have illustrated why anti-shadowing
of nuclear structure functions is non-universal, i.e., flavor
dependent, and why shadowing and anti-shadowing phe-
nomena are incompatible with the application of OPE.
As a consequence, sum rules do not apply to nuclear par-
ton distribution functions.
Even in the case of the proton, Mueller [32] has noted
that the OPE applied to DIS fails at small xBj . The
mechanism is however different: due to the diffusion of
gluons to small values of momentum transfer it is not
possible to separate soft and hard scales in this region.
This might be related to the fact that at small x there
are Fock states with a large number of small x partons,
due to processes such as parton fusion and overlapping,
which means that the invariant mass of these configura-
tions is undefined. Therefore the usual derivation of sum
rules based on the handbag diagram for (forward) double
virtual Compton scattering may be inapplicable even on
a single nucleon.
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